12 United States Patent

Eckert et al.

US009244106B2

US 9,244,106 B2
Jan. 26, 2016

(10) Patent No.:
45) Date of Patent:

(54) METHOD AND DEVICE FOR MEASURING
THE PHASE-NOISE SPECTRUM OF A
PULSED SINUSOIDAL SIGNAL

(75) Inventors: Hagen Eckert, Mering (DE); Martin
Weiss, Holzkirchen (DE); Wolfgang
Wendler, Groebenzell (DE)

(73) Assignee: Rohde & Schwarz GmbH & Co. KG,
Munich (DE)

(*) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 435 days.

(21) Appl. No.: 13/883,727

(22) PCT Filed: Jan. 5, 2012

(86) PCT No.: PCT/EP2012/050118
§ 371 (c)(1).
(2), (4) Date: May 6, 2013

(87) PCT Pub. No.: WQO2012/113585
PCT Pub. Date: Aug. 30,2012

(65) Prior Publication Data
US 2013/0221946 Al Aug. 29, 2013

(30) Foreign Application Priority Data

Feb. 23,2011 (DE) ... 10 2011 004 572

(51) Int.CL
GOIR 29/26
GOIR 29/18

(2006.01)
(2006.01)

(Continued)

(52) U.S.CL
CPC oo GOIR 29/26 (2013.01); GOIR 29/18
(2013.01); GOIR 19/2513 (2013.01); GOIR
25/00 (2013.01); GOIR 29/16 (2013.01)

(38) Field of Classification Search
CPC .... GOIR 25/00; GOIR 19/2513; GO1R 29/16;

GOIR 29/18
USPC e, 3277/156; 324/86

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS
5,001,660 A * 3/1991 Adcock ........covvnveeinn, HO3D 7/00
708/270
5,508,605 A 4/1996 Lo
(Continued)

FOREIGN PATENT DOCUMENTS

DE 102005017217 A1 11/2005
EP 0651259 Bl 5/1995
(Continued)
OTHER PUBLICATIONS

International Preliminary Report on Patentability and Written Opin-
ion mailed Aug. 27, 2013, 1ssued 1n corresponding International
Application No. PCT/EP2012/050118, filed Jan. 5, 2012, 6 pages.

(Continued)

Primary Examiner — Jermele M Hollington
Assistant Examiner — Christopher McAndrew

(74) Attorney, Agent, or Firm — Christensen O’Connor
Johnson Kindness PLLC

(57) ABSTRACT

A device for measuring the phase-noise spectrum of a pulsed
sinusoidal signal generates a pulsed sinusoidal signal, con-
verts the analog pulsed sinusoidal signal into a corresponding
digital, pulsed sinusoidal signal and mixes the digital, pulsed
sinusoidal signal 1into the baseband by means of quadrature

mixing. Following this, the phase of the pulsed sinusoidal
signal 1n the baseband 1s determined by means of Fourier
transiform of the phase of the pulsed sinusoidal signal, the
phase spectrum of the pulsed sinusoidal signal 1s determined,
and the phase-noise spectrum of the pulsed sinusoidal signal
1s determined by removing the spectral lines associated with
the sinusoidal signal from the phase spectrum. According to
the invention, the pulse pauses are removed from the pulsed
sinusoidal signal 1n the baseband.
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METHOD AND DEVICE FOR MEASURING
THE PHASE-NOISE SPECTRUM OF A
PULSED SINUSOIDAL SIGNAL

The 1invention relates to a method and a device for measur-
ing the phase-noise spectrum of a pulsed sinusoidal signal.

DE 102005 017 217 Al discloses a method for measuring
the phase-noise of a non-pulsed sinusoidal signal. Pulsed
sinusoidal signals are used by preference, for example, 1n
radar technology. Accordingly, a high-frequency sinusoidal
signal 1s generated by an oscillator, and a lower-frequency
pulsed signal 1s generated by a pulse generator. The high-
frequency sinusoidal signal 1s modulated with the lower-
frequency pulsed signal mn a pulse modulator 1n order to
generate the pulsed sinusoidal signal.

FIG. 1 shows an arrangement previously used internally by
the applicant to increase understanding of the measures
according to the invention. However, this has not been acces-
sible to the public and therefore does not represent a prior art.
A pulsed sinusoidal signal, of which the phase-noise 1s to be
determined, 1s generated in a signal source 1. The signal
source 1 comprises: an oscillator 2, which generates a high-
frequency sinusoidal signal; a pulse generator 3, which gen-
erates a lower-frequency pulsed signal; and a pulse modulator
4, which modulates the high-frequency sinusoidal signal with
the lower-frequency pulsed signal.

The pulsed sinusoidal signal 1s supplied to the input of a
phase detector 5 which 1s realised as a mixer. The other input
of the phase detector 5 1s supplied with a reference signal
generated 1n a reference source. The reference source 6 1s
structured 1n a similar manner to the signal source and com-
prises: an oscillator 7 controllable 1n 1ts frequency and phase,
which generates a high-frequency reference sinusoidal sig-
nal; the same pulse generator 3, which generates the identical
low-1requency pulsed signal; and a pulse modulator 8 which
modulates the high-frequency reference sinusoidal signal
with the lower-frequency pulsed signal. The frequency and
phase control of the oscillator 7, which 1s controllable 1n its
frequency and phase, 1s implemented via a PLL phase-locked
loop comprising a PLL controller 9, which generates a con-
troller signal for controlling the oscillator 7, which 1s control-
lable 1n 1ts frequency and phase dependent upon the output
signal of the phase detector 5, so that the carrier frequency of
the high-frequency pulsed sinusoidal signal and of the high-
frequency reference sinusoidal signal are identical, and the
phases of the high-frequency pulsed sinusoidal signal and of
the high-frequency reference sinusoidal signal are orthogonal
to one another.

As a result of mixing the high-frequency pulsed sinusoidal
signal and the high-frequency reference sinusoidal signal 1n
cach case with an 1dentical carrier frequency, a signal com-
ponent, which 1s removed by a low pass filter 10 connected
downstream of the phase detector 5, occurs at double the
carrier frequency, and a signal component occurs at the fre-
quency zero. The signal component at the zero frequency of
the mixer output signal which now contains only the noise
signal component of the pulsed sinusoidal signal 1s pursued
turther 1n order to determine the phase-noise in the pulsed
sinusoidal signal.

The analog phase-locked loop (Phase Locked Loop (PLL))
requires a time-consuming capture of the frequency of the
high-frequency reference sinusoidal signal generated by the
reference source 6 relative to the frequency of the high-fre-
quency pulsed signal generated by the signal source 1 and a
preliminary standardisation measurement. The measurement
time for the phase-noise measurement 1s unnecessarily pro-
longed as a result of this preliminary standardisation mea-
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surement. Added to this 1s the fact that a pulsed sinusoidal
signal u(t) with superposed noise according to FIG. 4A leads
to a spectrum U(1) according to FIG. 4B, which, alongside the
noise spectral component, provides a plurality of spectral
lines, which correspond to the pulsed sinusoidal payload-
signal component 1n the time domain. These spectral lines
associated with the payload-signal component of the signal to
be measured interfere with an analysis of the phase-noise
spectrum.

The object of the invention 1s therefore to provide a method
and a device for phase-noise measurement of a pulsed sinu-
soidal signal which, on the one hand, provide a minimal
measurement time and, on the other hand, which are {ree of
payload-signal spectral components 1n the phase-noise spec-
trum.

The object 1s achieved by a method for measuring the
phase-noise spectrum of a pulsed sinusoidal signal with the
features of claim 1 and by a device according to the invention
for measuring the phase-noise spectrum of a pulsed sinusoi-
dal signal with the features of claim 7. Advantageous further
technical developments are dertved from the respectively
dependent claims.

According to the mvention, the analog phase-noise mea-
surement by means of PLL phase-locked loop 1s replaced by
a digital phase-noise measurement, in which, after 1t has been
generated, the pulsed sinusoidal signal 1s converted into the
digital data format by analog-digital conversion and mixed
into the baseband by quadrature mixing. The quadrature mix-
ing realises a pulsed sinusoidal signal in the baseband, which,
with 1ts in-phase and quadrature component, represents a
complex baseband signal, from which the associated phase of
the pulsed sinusoidal signal in the baseband 1s determined in
a relatively simple manner—{or example, by means of a
Coordinate Rotation Digital Computer (Cordic) module. The
phase spectrum of the pulsed sinusoidal signal 1s determined
from the phase of the pulsed sinusoidal signal 1n the baseband
by means of discrete Fourier transform. The phase-noise
spectrum signal 1s determined by removing the spectral lines
associated with the sinusoidal payload signal from the phase
spectrum.

According to the invention, the pulse pauses are addition-
ally removed from the pulsed sinusoidal signal 1n the base-
band after the quadrature mixing. In this manner, the pulsed
sinusoidal signal 1s converted 1nto a sinusoidal signal, which
may, under some circumstances provide instabilities only at
the transition points of the original pulses. The associated
spectrum and accordingly the phase-noise spectrum of a
pulsed sinusoidal signal with pulse pauses eliminated there-
fore now only provides the spectral lines at the positive and
negative frequency of the sinusoidal signal, the noise spec-
trum of the superposed noise signal and Dirac impulses
resulting from 1nstabilities 1n the signal course of the pulsed
sinusoidal signal with pulse pauses eliminated.

In a first embodiment of the invention, the pulse pauses are
removed from the pulsed sinusoidal signal in the baseband
through a time displacement of the end of the respectively
preceding pulse to the beginning of the respectively following
pulse.

In a second embodiment of the invention, the pulse pauses
are removed from the pulsed sinusoidal signal 1n the baseband
according to the displacement law for spectral transforma-
tions through a phase displacement corresponding to the time
displacement of the individual pulses of the spectra associ-
ated respectively with the individual pulses.

In a first sub-embodiment of the invention, Dirac impulses
in the phase-noise spectrum resulting from instabilities in the
signal course of the pulsed sinusoidal signal with pulse
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pauses eliminated are identified and removed from the phase-
noise spectrum through interpolation of the respectively adja-
cent spectral values of the phase-noise spectrum.

In a second sub-embodiment of the invention, Dirac
impulses 1n the phase-noise spectrum resulting from insta-
bilities 1n the signal course of the pulsed sinusoidal signal
with pulse pauses eliminated are removed by shortening the
respectively following pulse of the pulsed sinusoidal signal
with pulse pauses eliminated at 1ts beginning or by shortening,
the respectively preceding pulse of the pulsed sinusoidal sig-
nal with pulse pauses eliminated at 1ts end until the phase at
the beginning of the respectively following pulse agrees with
the phase at the end of the respectively preceding pulse, so
that an 1nstability at the transition between two respectively
following pulses of a pulsed sinusoidal signal with pulse
pauses eliminated no longer occurs. A phase-noise spectrum
with pulse pauses eliminated and free from 1nstabilities at the
transitions between successive pulses also contains no Dirac
impulses.

In order to remove additional phase-noise which arises in
the test signal processing chain and 1s superposed over the
phase-noise of the pulsed sinusoidal signal under test, the
pulsed sinusoidal signal 1s split into a first pulsed sinusoidal
signal and a second pulsed sinusoidal signal 1dentical to the
first pulsed sinusoidal signal. The first and second pulsed
sinusoidal signal are each converted 1n a separate signal pro-
cessing chain by analog-digital conversion, and mixed nto
the baseband by means of quadrature mixing. The respec-
tively determined phases of the first and second pulsed sinu-
soidal signal in the baseband are cross-correlated and Fourier
transformed. The result of the cross-correlation contains only
the correlated payload-signal component and noise-signal
component of the originally generated, pulsed sinusoidal sig-
nal 1n the first and respectively second pulsed baseband sinu-
soidal signal, while the non-correlated noise components 1n
the first and respectively the second pulsed baseband sinusoi-
dal signal, which occur in the two signal processing paths
respectively, are removed.

In the following section, the embodiments and sub-em-
bodiments of the method according to the invention and of the
device according to the invention for measuring the phase-
noise spectrum of a pulsed sinusoidal signal are explained in
detail by way of example on the basis of the drawings. The
drawings are as follows:

FIG. 1 shows a block-circuit diagram of a device previ-
ously used internally by the applicant for measuring the
phase-noise spectrum of a pulsed sinusoidal signal;

FIG. 2A shows a block-circuit diagram of a first embodi-
ment of a device according to the invention for measuring the
phase-noise spectrum of a pulsed sinusoidal signal;

FIG. 2B shows a block-circuit diagram of a second
embodiment of a device according to the invention for mea-
suring the phase-noise spectrum of a pulsed sinusoidal signal;

FIG. 2C shows a block-circuit diagram of a third embodi-
ment of a device according to the invention for measuring the
phase-noise spectrum of a pulsed sinusoidal signal;

FIG. 3 shows a time-tflow diagram of the time-displaced
pulses of the pulsed sinusoidal signal corresponding to the
second embodiment of the invention;

FIGS. 4A, 4B show a time-flow diagram with a pulsed
sinusoidal signal and a frequency diagram with an associated
spectrum;

FIGS. SA, 3B show a time-flow diagram with a first sub-
embodiment of a pulsed sinusoidal signal with pulse pauses
climinated according to the mvention and a frequency dia-
gram with an associated spectrum;
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FIGS. 6A, 6B show a time-flow diagram with a second
sub-embodiment of a pulsed sinusoidal signal with pulse
pauses eliminated according to the invention and a frequency
diagram with an associated spectrum:;

FIG. 7A shows a flow diagram of a first embodiment of a
method according to the invention for measuring the phase-
noise spectrum of a pulsed sinusoidal signal;

FIG. 7B shows a flow diagram of a second embodiment of
a method according to the invention for measuring the phase-
noise spectrum of a pulsed sinusoidal signal; and

FIG. 7C shows a flow diagram of a third embodiment of a
method according to the invention for measuring the phase-
noise spectrum of a pulsed sinusoidal signal.

In the following section the first embodiment of the device
according to the invention 1s explained on the basis of the
block-circuit diagram 1n FIG. 2A, and the first embodiment of
the method according to the mvention 1s explained on the
basis of the flow diagram 1n FIG. 7A.

In the first method step S10, a pulsed sinusoidal signal 1s
generated 1n a signal source 1 according to FIG. 4A. For this
purpose, a high-frequency sinusoidal signal 1s generated 1n an
oscillator 2. This high-frequency sinusoidal signal 1s then
modulated 1n a pulse modulator 4 with a relatively lower-
frequency pulsed signal generated in a pulse generator 3
(corresponds to the dotted-line signal course 1n FIG. 4A) 1n
order to generate the pulsed sinusoidal signal.

In the next method step S20, the pulsed sinusoidal signal 1s
matched 1n an amplifier 11 with regard to 1ts signal level to the
input signal-level range of a downstream analog-digital con-
verter 12. Additionally, 1n method step S20, a low pass filter-
ing of the pulsed sinusoidal signal 1s implemented in a low-
pass lilter 13. The low-pass filtering brings about a band
limitation of the pulsed sinusoidal signal matched to the sam-
pling frequency of the downstream analog-digital converter
in order to avoid aliasing in the spectrum of the digital pulsed
sinusoidal signal.

In the next method step S30, the high-frequency pulsed
sinusoidal signal 1s mixed into an intermediate frequency
position. For this purpose, the high-frequency pulsed sinusoi-
dal signal 1s mixed 1n a mixer 14 with a mixer signal generated
in a local oscillator 15. The mixing of the pulsed sinusoidal
signal into the mtermediate frequency position can be dis-
pensed with 11 the pulsed sinusoidal signal 1s already disposed
in an (intermediate) frequency position 1n which an analog-
digital conversion can already be implemented or 1s mean-
ingiul.

The next method step S40 contains the analog-digital con-
version of the analog, pulsed sinusoidal signal into a corre-
sponding, digital, pulsed sinusoidal signal in an analog-digi-
tal converter 12 in the mtermediate frequency band.

In the next method step S50, a quadrature mixing of the
digital pulsed sinusoidal signal from the intermediate fre-
quency band into the baseband 1s implemented by means of a
quadrature mixer 16. The quadrature mixer 16 supplies both
Cartesian components—in-phase component I and quadra-
ture component Q—of a complex pulsed sinusoidal signal 1n
the baseband.

The next method step S60 implements the removal accord-
ing to the invention of pulse pauses in the pulsed sinusoidal
signal 1n the baseband by means of a unit 27 for the removal
of pulse pauses from the pulsed sinusoidal signal. For this
purpose, the time intervals of the pulse pauses are 1dentified
on the basis of a threshold-value comparison of the sample-
values of the in-phase and quadrature components of the
complex pulsed sinusoidal signal in the baseband with an
approprately selected threshold value by a unit 17 for com-
bining signal values occurring 1n pulses associated with the
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unit 27 for the removal of pulse pauses from the pulsed
sinusoidal signal, and only the sampled values of the in-phase
and quadrature components of the complex pulsed sinusoidal
signal 1n the baseband occurring 1n the pulses are stored 1n a

ring builfer 18 associated with the unit 27 for the removal of 53

pulse pauses from the pulsed sinusoidal signal.

In this manner, the sampled values of the 1n-phase compo-
nent I and of the quadrature component QQ of the complex
pulsed sinusoidal signal 1n the baseband are arranged succes-
stvely in rows 1n the ring buifer 18 in the individual successive
phases of a pulse without gaps and therefore without pulse
pause. The reading out of the sampled values of the in-phase
component I' and of the quadrature component Q' of the
complex pulsed sinusoidal signal in the baseband arranged
successively inrows without pulse pause 1s implemented with
an appropriately selected sampling frequency.

In a first sub-embodiment of the removal of pulse pauses
from the pulsed sinusoidal signal u(t) according to the mven-
tion, the individual pulses of the pulsed sinusoidal signal
according to FIG. 5A are combined directly without shorten-
ing the pulses to form a pulsed sinusoidal signal with pulse
pauses eliminated. In this context, 1t can occur that the phase
of the respectively preceding pulse does not agree with the
phase of the respectively following pulse 1n the pulsed sinu-
soidal signal u(t)' with pulse pauses eliminated, and an 1nsta-
bility occurs in the signal course of the pulsed sinusoidal
signal u(t)' with pulse pauses eliminated. In the associated
spectrum U(1)' in FIG. 3B, these instabilities occurring peri-
odically 1n a cycle of one pulse duration in the signal course
of the pulsed sinusoidal signal u(t)' with pulse pauses elimi-
nated lead to a Dirac impulse 20 with the frequency of the
periodicity of the successively arranged pulses. Alongside the
Dirac impulse 20 attributable to the instabilities, the spectral
lines 19 at the frequency of the sinusoidal signal attributable
to the sinusoidal signal, and the noise spectrum of the noise-
signal component superposed on the pulsed sinusoidal signal
are recognisable 1n the spectrum U(1)' of the pulsed sinusoidal
signal u(t)' with pulse pauses eliminated.

In a second sub-embodiment of the removal of pulse
pauses from the pulsed sinusoidal signal u(t) according to the
invention, the respectively following pulses of the pulsed
sinusoidal signal in the baseband at the beginning of the pulse
are shortened 1n a functional unit not illustrated 1n FIG. 2 until
the phase of the respectively preceding pulse agrees with the
phase of the respectively following pulse 1n the pulsed sinu-
soidal signal u(t)" with pulse pauses eliminated, and, as
shown 1 FIG. 6 A, an 1nstability 1n the signal course of the
pulsed sinusoidal signal u(t)" with pulse pauses eliminated
does not occur. Only the spectral line 19 attributable to the
sinusoidal signal at the frequency of the sinusoidal signal and
the noise spectrum of the noise signal component superposed
over the pulsed sinusoidal signal are now still contained 1n the
associated spectrum U(1) in FIG. 6B.

Instead of ring butfers, other functional units and other
method mechanisms can be used for the removal of pulse
pauses from the complex pulsed sinusoidal signal 1n the base-
band and are also covered by the invention.

In the next method step S70, the in-phase component I' and
the quadrature component Q' of the pulsed sinusoidal signal
u(t)' and respectively u(t)" with pulse pauses eliminated 1n the
baseband are supplied to a unit 18 for determining the phase
of the pulsed sinusoidal signal in the baseband, which 1is
preferably realised as a Coordinate Rotation Digital Com-
puter (Cordic) module. This Cordic module determines from
the Cartesian coordinates—in-phase component I' and
quadrature component Q'—of the complex pulsed sinusoidal
signal u(t)' and respectively u(t)" with pulse pauses elimi-
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nated in the baseband, the associated polar coordinates—
phase ¢ and amplitude r—of the complex pulsed sinusoidal
signal u(t)' and respectively u(t)" with pulse pauses elimi-
nated in the baseband. In order to determine the phase-noise
spectrum, the amplitude r determined by the Cordic module
of the complex pulsed sinusoidal signal u(t)' and respectively
u(t)" with pulse pauses eliminated 1n the baseband 1s 1rrel-
evant and can be used for the optional determination of the
amplitude-noise spectrum.

In the next method step S80, the determined phase ¢ of the
complex pulsed signal u(t)' and respectively u(t)" with pulse
pauses eliminated in the baseband 1s supplied to a Fast Fourier
Transtormer (FTT) for the determination of the correspond-
ing phase spectrum.

Finally, 1n a final method step S90, 1n order to obtain the
phase-noise spectrum of the complex pulsed sinusoidal signal
u(t)' and respectively u(t)" with pulse pauses eliminated 1n the
baseband, the phase-spectral components associated with the
sinusoidal payload-signal component, that 1s, the spectral
lines disposed respectively at the positive and negative fre-
quency of the sinusoidal signal, are removed from the deter-
mined phase spectrum. With a frequency constancy of the
sinusoidal signal which 1s not exact and known, the frequency
position of the spectral lines associated with the sinusoidal
signal 1s 1dentified, for example, by means of a threshold-
value detector, which 1s not illustrated 1n FIG. 2; or 1s already
known 1n the case of an exact frequency constancy of the
sinusoidal signal. The removal of the spectral lines in the
determined or known frequency position 1s implemented 1n
an mterpolator 21 with interpolation of the respectively adja-
cent spectral values of the phase spectrum and replacement of
the spectral value of the spectral line with the determined
interpolation value.

Additionally, in this method step S90, the Dirac impulses
contained in the spectrum 1n the case of the first sub-embodi-
ment of the removal of pulse pauses from the pulsed sinusoi-
dal signal u(t) according to the invention are removed by
interpolation of the spectral values respectively adjacent to
cach Dirac impulse and replacement of the spectral value of
cach Dirac impulse with the determined interpolation value.

In the following section, the second embodiment of the
device according to the invention 1s explained on the basis of
the block-circuit diagram 1n FIG. 2B, and the second embodi-

ment of the method according to the invention 1s explained on
the basis of the flow diagram 1n FIG. 7B:

The first method steps S100 to S140 of the second embodi-
ment of the method according to the invention in FIG. 7B and
the associated functional units of the second embodiment of
the device according to the invention 1n FIG. 2B correspond to
the method steps S10 to S50 of the first embodiment of the
method according to the mvention 1n FIG. 7A and the asso-
ciated functional units of the first embodiment of the device
according to the invention 1n FIG. 2A, and a further descrip-
tion will therefore not be provided.

In the next method step S150, 1n order to zero signal levels
in pulse pauses, the sampled values occurring in the pulse
pauses, which do not disappear as a result of an occurring
noise, are set to zero 1n a unit 22 associated with the unit 27
for the removal of pulse pauses from the pulsed sinusoidal
signal. The start and the end of the individual pulse pauses of
the complex digital pulsed sinusoidal signal in the baseband
can be determined in an equivalent manner to the {first
embodiment of the invention by threshold-value comparison
of the sampled values of the complex digital pulsed sinusoidal
signal with an appropriately selected threshold value.

In the next method step S151, the anticipated values for the
start of every pulse to be time-displaced in the complex pulsed
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sinusoidal signal in the baseband are determined by a unit 26
associated with the unit 27' for the removal of pulse pauses
from the pulsed sinusoidal signal 1n order to control the phase
modifier, and on this basis, the displacement time-interval of
every individual pulse to be displaced 1s determined at the
new start of the pulse after the time displacement.

In the next method step S152, on the basis of the deter-
mined anticipated values for the start of each individual pulse
to be displaced, the sampled values of the complex pulsed
sinusoidal signal 1n the baseband in a time interval, which
extends, according to FIG. 2, over the entire pulse length of
the respective pulse, with the addition of a given time 1nterval
extending respectively before and after the respective pulse
(see time range presented with dotted line 1n FIG. 3), are
transformed into the spectral domain by a downstream fast
Fourier transformer 23 associated with the umt 27' for the
removal of pulse pauses from the pulsed sinusoidal signal or
respectively by another appropriate spectral transformer, in
cach case, for every individual pulse of the digital complex
pulsed sinusoidal signal 1n the baseband.

In the next method step S153, the spectrum of the respec-
tive pulse of the digital complex pulsed sinusoidal signal in
the baseband 1s phase-displaced by a downstream phase
modifier 24 associated with the unit 27' for the removal of
pulse pauses from the pulsed sinusoidal signal by a fre-
quency-dependent phase angle, which, subject to the dis-
placement law of the spectral transformation according to the
transformation condition in equation (1), corresponds to the
displacement time interval T, determined 1n method step S151
ol the respective pulse 1.

u(t-T)¢ 7 -U(f) (1)

In the next method step S154, the phase-displaced spec-
trum respectively associated with each individual pulse of the
digital complex pulsed sinusoidal signal 1n the baseband is
transformed into the time domain in a downstream inverse
tast Fourier transtormer 23 associated with the unit 27 for the
removal of pulse pauses from the pulsed sinusoidal signal in
order to generate a time-displaced pulse. A frequency range
which extends over all spectral values of the spectrum asso-
ciated with the respective pulse with the addition of a fre-
quency range preceding and following this spectrum 1s used
tor the re-transformation back into the time domain.

In the next method step S1535, the sampled values different
from zero of the respective time-displaced pulse of the digital
complex pulsed sinusoidal signal 1n the baseband are cut out
from the determined result of the re-transformation and
stored successively 1n a ring buller 18 associated with the unit
277" for the removal of pulse pauses from the pulsed sinusoidal
signal 1n order to combine the sampled values of the 1ndi-
vidual pulses of the digital complex pulsed sinusoidal signal
in the baseband.

The last method steps S160 to S180 of the second embodi-
ment of the method according to the invention in FIG. 7B and
ol the associated functional units of the second embodiment
of the device according to the mvention 1n FIG. 2B corre-
spond to the method steps S70 to S90 of the first embodiment
of the method according to the imnvention 1n FIG. 7A and the
associated functional units of the first embodiment of the
device according to the mvention 1 FIG. 2A, and a further
description will therefore not provided here.

In the following section, the third embodiment of the
device according to the mvention 1s explained on the basis of
the block-circuit diagram 1n FIG. 2C, and the third embodi-
ment of the method according to the invention 1s explained on
the basis of the flow diagram 1n FIG. 7C:
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In the first method step S200, by analogy with method step
S10 of the first embodiment of the method according to the
invention, a pulsed sinusoidal signal 1s generated 1n a signal
source 1. In the next method step S210, this pulsed sinusoidal
signal 1s split into a first pulsed sinusoidal signal and a second
pulsed sinusoidal signal identical to the first pulsed sinusoidal
signal.

In the next method step S220, by analogy with method step
S20 of the first embodiment of the method according to the
invention, a signal-level matching of the first pulsed sinusoi-
dal signal to the mnput signal-level range of a downstream
analog-digital converter 12, 1s implemented 1n an amplifier
11,, and a signal-level matching of the second pulsed sinu-
soidal signal to the iput signal-level range of a downstream
analog-digital converter 12, 1s implemented 1n an amplifier
11,. Additionally, a low-pass filtering 1n a low pass filter 13,
for the first pulsed sinusoidal signal and 1n alow pass filter 13,
for the second pulsed sinusoidal signal 1s implemented 1n
order to avoid aliasing in the associated spectrum of the
digitised first and respectively second pulsed sinusoidal sig-
nal after the analog-digital conversion.

In the next method step S230, by analogy with method step
S30 of the first embodiment of the method according to the
invention, the first pulsed sinusoidal signal 1s mixed 1n a mixer
14, with a mixer signal generated 1n an associated local oscil-
lator 15,, and the second pulsed sinusoidal signal 1s mixed 1n
a mixer 14, with a mixer signal generated i an associated
local oscillator 15,, in each case into an intermediate fre-
quency position.

In the next method step S240, by analogy with method step
S40 of the first embodiment of the method according to the
invention, the analog-digital conversion of the first pulsed
signal by means of an analog-digital converter 12, and the
analog-digital conversion of the second pulsed signal by
means of an analog-digital converter 12, 1s implemented 1n
the intermediate frequency band.

In the following method step S250, by analogy with
method step S50 of the first embodiment of the method
according to the mvention, the digital first pulsed sinusoidal
signal 1s mixed by means of a quadrature mixer 16,, and the
digital second pulsed sinusoidal signal 1s mixed by means of
a quadrature mixer 16,, in each case from the intermediate
frequency band 1nto the baseband.

By analogy with method step S60 of the first embodiment
of the method according to the invention, the next method
step S260 provides the removal of pulse pauses from the
digital first and respectively second complex pulsed sinusoi-
dal signal 1n the baseband. For this purpose, on the basis of a
threshold-value comparison of the sampled values of the 1n-
phase and quadrature components of the first complex pulsed
sinusoidal signal 1n the baseband, the time intervals of the
pulse pauses with an appropriately selected threshold value
are 1dentified by a first unit 17, associated with the first unit
277, tor the removal of pulse pauses from the pulsed sinusoidal
signal for combining signal values occurring in pulses, and
only the sampled values occurring in the pulses of the 1n-
phase and quadrature components of the first complex pulsed
sinusoidal signal in the baseband are stored in a first ring
builer 18, associated with the first unit 27, for the removal of
pulse pauses from the pulsed sinusoidal signal. By analogy,
on the basis of a threshold-value comparison of sampled
values of the in-phase and quadrature components of the
second complex pulsed sinusoidal signal in the baseband, the
time 1intervals of the pulse pauses with an appropnately
selected threshold value are 1dentified by a second unit 17,
associated with the second umit 27, for the removal of pulse
pauses from the pulsed sinusoidal signal for combining signal
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values occurring in pulses, and only the sampled values
occurring 1n the pulses of the i-phase and quadrature com-
ponents of the second complex pulsed sinusoidal signal 1n the
baseband are stored in a second ring buffer 18, associated
with the second unit 27, for the removal of pulse pauses from
the pulsed sinusoidal signal.

In the first ring buffer 18,, Cartesian components with
pulse pauses ecliminated—in-phase components I,' and
quadrature components Q,'—ot the digital complex first
pulsed sinusoidal signal are prepared from the Cartesian com-
ponents—in-phase component I, and quadrature component
Q,—of the digital complex first pulsed sinusoidal signal. By
analogy, Cartesian components with pulse pauses elimi-
nated—in-phase components [,' and quadrature or compo-
nents Q,'—of the digital complex second pulsed sinusoidal
signal are prepared from the Cartesian components—I, and
quadrature components (Q,—of the digital complex second
pulsed sinusoidal signal 1n the second ring butier 18,.

In the next method step S270, by analogy with method step
S70 of the first embodiment of the method according to the
invention, the phase ¢, of the first complex pulsed sinusoidal
signal in the baseband 1s determined 1n a unit 18, for deter-
mimng the phase of the pulsed sinusoidal signal from the
associated Cartesian components—in-phase component I,
and quadrature component QQ,—of the complex first pulsed
sinusoidal signal with pulse pauses eliminated, and the phase
¢, of the second complex pulsed sinusoidal signal in the
baseband 1s determined 1n a unit 18, for determining the
phase of the pulsed sinusoidal signal from the associated
Cartesian components—in-phase component 1,' and quadra-
ture component Q,'—of the complex second pulsed sinusoi-
dal signal with pulse pauses eliminated.

In the next method step S280, the phase ¢, determined 1n
the preceding method step S270 of the first complex pulsed
sinusoidal signal with pulse pauses eliminated 1s cross-cor-
related with the phase ¢, of the second complex pulsed sinu-
soidal signal with pulse pauses eliminated in the baseband 1n
a cross-correlator 23. The mutually non-coherent noise-sig-
nal components, which are generated in the two test signal
paths from the distributor 22 to the units 18, and respectively
18, for determining the phase of the pulsed sinusoidal signal,
and which are additionally superposed over the first and
respectively second pulsed sinusoidal signal and disadvanta-

geously contaminate the latter, no longer occur 1n the result of

the cross-correlation.

In the next method step S290, the phase spectrum of the
digital pulsed sinusoidal signal 1n the baseband 1s determined
by means of Fourier transform of the correlation result in a
fast Fourier transformer 20.

In the final method step S300, by analogy with method step
S90 of the first embodiment of the method according to the
invention, the spectral lines associated with the sinusoidal
payload-signal component and the Dirac impulses, which
result from the 1nstabilities 1n the signal course of the first and
respectively second complex pulsed sinusoidal signal with
pulse pauses eliminated, are removed 1n an interpolator 21 1n
order to determine the pure phase-noise spectrum of the
pulsed sinusoidal signal.

The mvention 1s not restricted to the embodiments and
sub-embodiments presented. Within the scope of the inven-
tion, all of the features claimed and/or illustrated can be
combined with one another as required. In particular, a com-
bination of the second and third embodiment of the invention
in which the removal of pulse pauses from the pulsed sinu-
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The mvention claimed 1s:
1. A method for measuring the phase-noise spectrum of a
pulsed sinusoidal signal with the following method steps:

generating a pulsed digital sinusoidal signal,

quadrature mixing the pulsed sinusoidal signal into the
baseband,

determining the phase of the pulsed sinusoidal signal in the
baseband,

determining the phase spectrum of the pulsed sinusoidal
signal by means of Fourier transform of the phase of the
pulsed sinusoidal signal 1n the baseband,

determining the phase-noise spectrum of the pulsed sinu-
soidal signal by removing the spectral lines associated
with the sinusoidal signal from the phase spectrum,

wherein the pulse pauses are also removed from the pulsed
sinusoidal signal 1n the baseband.

2. The method according to claim 1,

wherein

the removal of pulse pauses from the pulsed sinusoidal
signal by cutting out the pulse pauses from the pulsed
sinusoidal signal 1s implemented in the time domain.

3. The method according to claim 1,

wherein

the removal of pulse pauses from the pulsed sinusoidal
signal comprises the following method steps to be
implemented 1iteratively:

zeroing signal values 1n the pulse pauses of the pulsed
sinusoidal signal,

determiming an anticipated value for the start of the pulse
and of a displacement time-1nterval for every pulse of the
pulsed sinusoidal signal to be time-displaced,

determining a spectrum associated with each pulse,

displacing the phase of the respective spectrum corre-
sponding to the displacement time-interval of the
respective pulse and

determining the respective time-displaced pulse by means
of 1verse Fourier transiform of the phase-displaced
spectrum associated with the respective pulse and

butfering the respective time-displaced pulse.

4. The method according to claim 1,

wherein

the generated, pulsed sinusoidal signal 1s split into a first
pulsed sinusoidal signal and a second pulsed sinusoidal
signal 1dentical to the first pulsed sinusoidal signal, the
method steps of the quadrature mixing, removal of the
pulse pauses and determination of the phase are each
implemented separately for the first and second pulsed
sinusoidal signal, and the phase spectrum of the pulsed
sinusoidal signal 1s determined by means of cross-cor-
relation and subsequent Fourier transform of the phase
of the first and second pulsed sinusoidal signal in the
baseband.

5. The method according to claim 1,

wherein

the Dirac impulses occurring 1n the phase-noise spectrum,
which result from instabilities 1n the course of the phase
of the pulsed sinusoidal signal with pulse pauses elimi-
nated or of the first pulsed sinusoidal signal with pulse
pauses eliminated or of the second pulsed sinusoidal
signal with pulse pauses eliminated, are identified and
removed from the phase-noise spectrum by interpola-
tion with adjacent spectral values of the phase-noise
spectrum.

6. The method according to claim 1,

wherein

an unsteadiness which occurs 1n the course of the phase of
the pulsed sinusoidal signal with pulse pauses elimi-
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nated or the first pulsed sinusoidal signal with pulse
pauses eliminated or the second pulsed sinusoidal signal
with pulse pauses eliminated, 1s removed by shortening
the respectively following pause of the pulsed sinusoidal
signal or of the first pulsed sinusoidal signal or of the
second pulsed sinusoidal signal until the phase 1n the
respectively preceding pulse of the pulsed sinusoidal
signal or of the first pulsed sinusoidal signal or of the
second pulsed sinusoidal signal corresponds to the phase
in the respectively following pulse of the pulsed sinu-
so1dal signal or of the first pulsed sinusoidal signal or of
the second pulsed sinusoidal signal.

7. A device for measuring the phase-noise spectrum of a

pulsed sinusoidal signal comprising:

a signal source configured to generate the pulsed sinusoidal
signal,

at least one analog-digital converter for the analog-digital
conversion of the pulsed sinusoidal signal,

at least one quadrature mixer for the quadrature mixing of
the pulsed sinusoidal signal into the baseband,

at least one umt configured to determine the phase of the
pulsed sinusoidal signal,

a Fourier transformer configured to determine the phase
spectrum of the pulsed sinusoidal signal from the phase
of the pulsed sinusoidal signal,

an nterpolator configured to determine the phase-noise
spectrum of the pulsed sinusoidal signal by cutting out
spectral lines associated with the sinusoidal signal from
the phase spectrum,

wherein a unit configured to remove pulse pauses from the
pulsed sinusoidal signal 1s arranged upstream of the
Fourier transformer.

10

15

20

25

30

12

8. The device according to claim 7,

wherein

the unit configured to remove pulse pauses from the pulsed
sinusoidal signal provides a ring builer.

9. The device according to claim 8,

wherein

a umt configured to combine signal values occurring in
pulses 1s connected to the ring buffer.

10. The device according to claim 7,
wherein

the unit configured to remove pulse pauses from the pulsed
sinusoidal signal provides a unit configured to zero sig-
nal values occurring in pulse pauses, a unit configured to
control a phase modifier, a Fourier transformer config-
ured to determine the spectrum associated with each
pulse, a phase modifier configured to displace the phase
of the respective spectrum, an inverse Fourier trans-
former configured to determine the time-displaced pulse
associated with the respective phase-displaced spectrum
and a ring bulfer configured to buffer the individual
time-displaced pulses.

11. The device according to claim 7,

wherein

a splitter 1s connected between the signal source and the
two analog-digital converters, and a cross-correlator 1s
connected between the two units configured to deter-
mine the phase of the pulsed sinusoidal signal and the
Fourier transformer.

12. The device according to claim 7,

wherein

the interpolator additionally serves to cut out Dirac
impulses 1n the phase-noise spectrum.
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